NEUROTROPHINS ARE IMPORTANT regulators of the development and maintenance of vertebrate nervous systems (reviewed in refs 1, 2). During the development of the nervous system, neuronal populations undergo a process of naturally occurring cell death, at a time when their axons are innervating target areas. It is believed that this mechanism ensures a balance between the size of the innervating population and the size of the target territory. The production of limited amounts of survival factors by the target organs is thought to regulate this matching process (reviewed in ref 3) . Nerve growth factor (NGF), the first neurotrophic factor to be discovered, was identified during a search for such survival factors. NGF and its family members have been named neurotrophins. At present, in vertebrates, five neurotrophins have been isolated: nerve growth factor, brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), NT-4/5, and NT-6. 4, 5 All of these promote the survival of specific, but partially overlapping, populations of neurons. At the present time NT-6 has only been identified in fish and NT-4/ 5 has not yet been detected in avian species. Evidence indicates that NGF and NT-6 act on similar, perhaps identical populations of neurons. Similarly, BDNF and NT-4/5 appear to have almost identical targets. Thus the specificities of individual neurotrophins divide them into three general classes and all vertebrate species examined to date have at least one neurotrophin in each class.
The neurotrophins interact with two types of cell surface receptors (reviewed in refs 4, 6, 7) . Consistent with the patterns of specificity described above, each neurotrophin binds strongly to one of three homologous receptor tyrosine kinases named trkA, trkB and trkC. NGF interacts specifically with trkA; BDNF and NT-4/5 specifically activate trkB; NT-3 activates primarily trkC, but can also less efficiently activate trkA and trkB, at least in some cellular contexts. 8, 9 While the binding specificity of NT-6 has not been reported, the close similarity with NGF in specificity in neuronal survival assays indicates that it also interacts specifically with trkA. With the possible exception of NT-6, which has not been tested, each neurotrophin has been shown to bind also to an additional receptor, the low affinity neurotrophin receptor, p75
NTR . Each neurotrophin binds with similar affinity to this protein, whose extracellular domain is related to that of the TNF receptor but is not structurally related to the trk family members, and whose precise function is still unknown.
Neurotrophins have been implicated in the regulation of developmental processes other than target tissue-regulated neuronal survival, as shown by in-vitro and in-vivo studies. First, these factors have been shown to regulate survival of sympathetic neuroblasts [10] [11] [12] and O2A cells, which develop into oligodendrocytes. 13 They also promote survival of immature neurons at stages before they have innervated their final targets (e.g. ref 14) . Thus, they act as survival factors for a wider spectrum of cells than envisioned in the initial formulation of the neurotrophic factor hypothesis. In addition, similar to many factors which activate tyrosine kinases, neutrophins have been shown to regulate the proliferation of many cell types including neural crest cells 15 and O2A oligodendrocyte precursors. 13 They have also been shown to regulate the pathways of differentiation selected by certain precursors. Most notably BDNF has been shown to enhance differentiation of sensory neurons from sensory precursors 16 and NGF has been shown to promote the differentiation of sympathoadrenal precursors into sympathetic neurons as opposed to adrenal chromaffin cells (e.g. ref 17) . The neurotrophins also regulate the differentiation process, helping determine the levels of expression of many proteins expressed in differentiated neurons that are important for their physiological function, such as neurotransmitters and calcium-binding proteins (e.g. refs [18] [19] [20] . Neurotrophins have also been shown to regulate axon growth in vitro and innervation of target tissues in vivo. Axon growth by sympathetic neurons in vitro requires local NGF at or near the growth cone. Moreover, NGF has been shown to regulate the direction of growth cone advance (e.g. ref 21 ). In addition, manipulation of NGF levels in transgenic mice suggests that a gradient of neurotrophin is necessary for sympathetic neurons to innervate target organs. 22, 23 Neurotrophins also regulate collateral branching and sprouting after nerve or spinal cord transection. 24, 25 Furthermore, BDNF has been shown to regulate formation of optical dominance columns. 26 Since neurotrophins continue to be expressed in adult animals, they could potentially modulate the function and plasticity of the mature nervous system. Particularly intriguing are recent results indicating that neurotrophins regulate synaptic communication. Neurotrophins regulate exocytosis by motor neurons and hippocampal neurons. 27, 28 Of particular importance for studies on aging and neurodegenerative diseases are results showing that they protect, at least partially, neurons from axotomy and exposure to neurotoxins (reviewed in ref 2; see also ref 29) .
To determine the essential roles of a protein in mammals, one of the most powerful techniques is targeted gene mutation. Recently, gene targeting in embryonic stem cells has been used to generate mouse strains carrying mutations in genes encoding each of the neurotrophins (except NT-6) and their receptors (NGF, 30 ). All mutants appear to have specific defects in the nervous system and their analysis is providing valuable information in assessing the role of each particular molecule in the development of different neuronal populations in vivo.
Comparison of observed and predicted deficits

Essential effects on neuronal survival
Sensory neurons
Confirming the predictions of the neurotrophic factor hypothesis, each of the individual neurotrophin and trk-deficient mice have deficits in sensory neuron populations. Dorsal root ganglion (DRG) neurons consist of several subpopulations within each ganglion specialized for transfer of different modalities of sensory information. 42 Different classes of neurons innervate different peripheral sensory organs and different laminae in the spinal cord. Previous work in vitro and in vivo had indicated that the different classes of these neurons exhibit different patterns of trk receptor expression (e.g. refs 43, 44) and different neurotrophin dependencies (see ref 14) . Examination of the mutant mice has confirmed and extended these findings. Table 1 summarizes these observations. From this data a picture is beginning to emerge on the trophic requirements for each of the subclasses of developing sensory neurons. Results indicate that neurons responsible for a particular sensory modality often depend upon the same neurotrophin.
In the DRGs of NGF of trkA-deficient mice, approximately 70% of the normal complement of neurons are missing. 30, 39 These include small diameter neurons with unmylelinated axons which mediate pain perception as shown by the extremely reduced sensitivity to painful stimuli of mutant mice lacking either molecule. Consistent with this behavioral deficit, there is a remarkable reduction in the levels of CGRP and substance P (SP) 30, 45, 46 and complete absence of axonal projections to layers I and II of the spinal cord as shown by Dil tracing. 45 In addition to the nociceptive CGRP-and SP-positive neurons, the small diameter neuronal population with C-fibers include a population of non-nociceptive thermal and low threshold mechanoreceptor neurons characterized by labeling with the lectin BSI. Although they do not express trkA postnatally, these neurons are also lost in the trkA mutants. 45 These neurons might require a trophic factor supplied by the trkA population. Alternatively, they might express trkA and require NGF transiently during embryogenesis. The latter possibility seems most likely because anti-trkA antibodies 47 label more than 80% of the neurons in embryonic DRGs (Fariñas and Reichardt, unpublished) , providing an attractive explanation for why mice lacking either NGF or trkA lose ca 70% of their DRG neurons when only ca 40-50% of the neurons in these ganglia express trkA postnatally (e.g. refs 43, 44) .
The generation of mutations in the trkC and NT-3 genes has shown that these proteins are essential for the survival of proprioceptive neurons. In NT-3 deficient mice, virtually all Ia afferents are absent, as assessed by absence of muscle spindles and the Ia projection to the ventral spinal cord. [33] [34] [35] Golgi tendon organs are also absent in these animals. 33 The Ia afferent population is also missing in a trkC mutant mouse lacking the exon containing the kinase domain. 41 In addition, comparison of the phenotypes of the NT-3 and trkC deficiencies has revealed that many more sensory neurons are lost in the NT-3-deficient (ca 60%) than in the trkC-deficient animals (ca 20%), suggesting physiological importance for the comparatively weak interactions of NT-3 with other trk receptors observed in vitro.
The identification of populations of sensory neurons affected in animals with impaired trkB signaling has been more elusive. NT-4/5-deficient animals do not appear to have deficits in DRG neurons. 38 BDNFdeficient animals, though, do have detectable deficiencies. In lumbar DRGs of two week-old BDNF mutants ca 35% of the neurons are missing. 31, 32 In addition, in lumbar dorsal roots, approximately 35% of the myelinated axons are absent. 32 As assessed by the number of muscle spindles, the proprioceptive neurons which induce and innervate these spindles appear normal. 32 Thus, other neurons with myelinated axons must be affected, such as mechanoreceptors. Since only ca 50% of the axons are myelinated, the similarities in loss of neurons and myelinated axons indicates that a population of small neurons with non-myelinated axons is also absent in this mutant. In recent work, double trkB/trkA homozygous mutants have been reported to have essentially the same number of neurons in DRGs as trkA homozygotes, 46 indicating that a substantial fraction of the BDNF-dependent neurons also require NGF at some period in development. Consistent with this, trkB and trkA have been shown to be coexpressed in DRG neurons of adult rats. 44 Available data is also consistent with the possibility that the BDNF deficiency does not reflect a target-dependent neurotrophin dependence, but may instead reflect the importance in vivo of an autocrine BDNF-trkB loop that DRG neurons have been shown to develop postnatally. 48 In contrast to DRG neurons, cranial sensory neurons which transmit different modalities of sensory information tend to be segregated into different ganglia and have been shown in vitro to have different requirements for neurotrophins (see ref 14) . As expected, individual cranial ganglia are differentially affected by deficiencies in the different neurotrophins and trk receptors. As an example, the placode-derived visceral neurons of the petrosal and nodose ganglia are only affected by the lack of BDNF, NT-3 or NT-4/5 [31] [32] [33] [34] 37, 38 but not NGF 30 in agreement with the trophic requirements of these cells in vitro. A remarkable example of trophic selectivity is seen in the vestibular and auditory sensory systems located in the inner ear. BDNF and NT-3 have non-overlapping roles in the survival of neurons in the vestibular and spiral ganglia. Neurons in these ganglia express both the trkB and trkC, and both neurotrophins are expressed by hair cells of the inner ear (e.g. refs 49, 50) . Accordingly, in BDNF/NT-3 double homozygous mice, all neurons die in these ganglia. 51 However, each neurotrophin appears to promote the survival of distinct non-overlapping populations of neurons. Lack of BDNF is reflected in the loss of most vestibular neurons 31, 32, 51 and lack of NT-3 causes the loss of the remaining small distinct subset of vestibular neurons. 51 In the same way, most spiral neurons are lost in the NT-3 mutant mice 34, 51 and only a few spiral ganglion cells are lost in the BDNF mutant mice. 51 Spiral ganglion cells comprise two distinctive populations. Lack of NT-3 51 or trkC 52 causes the loss of type 1 spiral neurons, which constitute the majority of the ganglion population and innervate the inner hair cell. Type 2 neurons, a small proportion of spiral neurons innervating the outer hair cells, are especifically lost in mice lacking BDNF 51 or functional trkB receptors. 52 
Sympathetic neurons
In cell culture assays of neuronal survival, sympathetic neurons require NGF during late gestation and early postnatal life. Indeed, the crucial role of neurotrophins in vivo was first demonstrated in historic experiments in which injections of animals with anti-NGF during early postnatal development were shown to virtually eliminate neurons in the sympathetic chain (reviewed in ref. 3) . As expected, the vast majority of sympathetic neurons express trkA at these stages. 10, 11, 49 This period of NGF dependence, as assessed in vitro, correlates with the period during which these neurons innervate their final targets and are reduced by cell death. Considering these results, it was not surprising that sympathetic ganglia are virtually absent in two week-old mice carrying mutations in the NGF or the trkA genes. 30, 39 In each mutant, extensive cell death occurs perinatally. In the trkA mutants a significant deficit is already found at E17.5 and develops progressively after birth (A. Fagan, H. Zhang, S. Landis, R.J. Smeyne, I. SilosSantiago and M. Barbacid, submitted). Pyknotic nuclei are found in the ganglia of perinatal mutant animals, indicating that differentiated sympathetic neurons are dying in these animals. Interestingly, significant numbers of sympathetic neurons do not appear to be lost in mice deficient in p75 NTR receptors. 53 Earlier in development, however, NT-3, but not NGF or BDNF, promotes the survival of sympathetic neuroblasts and neurons. [10] [11] [12] Consistent with this, trkC is expressed in sympathetic ganglia prior to trkA. In vitro, NT-3 not only promotes survival of immature neurons, but promotes the withdrawal of these cells from the mitotic cycle, thereby inducing the transition from trkC to trkA expression. 12 Consistent with these observations in vitro, ca 50% of the normal complement of sympathetic neurons is missing from NT-3 deficient animals at the time of birth. 33, 34 It is not clear whether the partial cell loss in the NT-3 mutant reflects a stochastic process or unidentified differences between the surviving and dying cells. Recent work suggests that a substantial fraction of the neurons lost in NT-3 deficient animals appear to die before E17, i.e. during the period that these neurons express high levels of trkC. 54 However, mice lacking the tyrosine kinase domain of trkC (A. Fagan, H. Zhang, S. Landis, R.J. Smeyne, I. Silos-Santiago & M. Barbacid, submitted) or all trkC isoforms (L. Tesarrolo and L. Parada, pers. comm.) do not appear to develop detectable sympathetic deficiencies. In principle, NT-3 could promote survival of sympathetic neurons by signaling through trkA with which it can interact in vitro (e.g. ref 9 ), but, according to this model, death of neurons would be expected to occur at significantly later times, when trkA is expressed by these neurons. Whatever the resolution of this apparent discrepancy, absence of NT-3 does not delay expression of trkA in surviving sympathetic neurons in the NT-3 mutant mice, perhaps because other factors control the exit of these neurons from the cell cycle in vivo (Fariñas & Reichardt, unpublished) . Activation of trkC by NT-3 is not essential for acquisition of NGF responsiveness since NGF has been shown recently to support survival of perinatal sympathetic neurons isolated from trkC deficient mice. 55 NT-3 was active, but less potent than NGF in this preparation.
Examples of apparent redundancy on neuronal survival
Motor neurons
Each of the neurotrophins, except NGF, has been shown to promote the survival of embryonic motor neurons when cultured in vitro (e.g. ref 56 ). Moreover, the same neurotrophins reduce cell death in motor populations deprived of target contact by axotomy (e.g. ref 57) . Consistent with these results, motor neurons express both trkB and trkC (e.g. refs 56, 57) and would thus be expected to respond to all neurotrophins except NGF. Despite this, cell counts in motor neuron populations of mice lacking BDNF, NT-3 or NT-4/5 [31] [32] [33] [34] 37, 38 revealed no detectable differences. Also, a normal complement of motor neurons was found in double BDNF/NT-4/5 homozygous mice. 37, 38 In addition, it now appears that no deficits in motor neuron number are found in the trkB mutant mice (I. Silos-Santiago and M. Barbacid, pers. comm.). In the BDNF mutant mice, not only the number of motor neurons is normal but differentiation of motor neurons occurs normally and mutants have apparently normal muscle innervation. 32 Postnatal synapse elimination in the skeletal muscle, a naturally occurring process which is dependent on the normal activity of the innervating motor neurons, take place normally in the mutants.
In spite of the lack of effects of neurotrophin deficiencies on large alpha-motor neurons, in the NT-3 mutants there appear to be reduced numbers of gamma-spinal motor neurons which innervate muscle spindles. 58 It is not clear whether this deficit is a direct consequence of the mutation or is caused secondarily by the absence of muscle spindles in these animals. A ca 30% deficit in axon numbers was reported in the ventral roots of trkC mutant animals which may also reflect reductions in gamma-motor neuron axons. 41 Receptor or ligand interactions extending beyond the neurotrophin and trk families may explain the survival of motor neurons in the trkB mutants. In-vitro survival of motor neurons is promoted not only by neurotrophins, but by other factors including ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), glial-derived neurotrophic factor (GDNF), and FGF-5 (e.g. refs 56, 59, 60) . Recently, characterization of mice deficient in CNTF receptoralpha subunit 61 or in LIF receptor 62 has revealed dramatic, although incomplete, loss of motor neurons indicating that members of the CNTF/LIF/cardiotrophin-1 family of cytokines are important for motor neuron survival in vivo.
I. Fariñas and L. F. Reichardt Other CNS Neurons
The survival of many classes of embryonic or neonatal CNS neurons has been shown to be promoted by neurotrophins in vitro (reviewed in . ref 29) . While the postnatal lethality of neurotrophin and trk mutants has made it difficult to examine functions of these molecules through the whole extent of postnatal development, the most surprising single result of the mutant analyses is the apparent survival of these populations in vivo in the absence of individual neurotrophins, suggesting that other factors can compensate for these deficiencies in vivo.
Neural crest derivatives
Interestingly, some neural crest-derived populations that express trkC, whose only known ligand is NT-3, remain present in the NT-3 mutant. Adrenal chromaffin cell precusors have been shown to express trkC, 63 but chromaffin cells are clearly present and express tyrosine hydroxylase in the NT-3 mutant. 34 TrkC is the only trk receptor detected in enteric neurons (e.g. ref 63 ). However, in whole mounts the myenteric plexuses of neonatal NT-3 mutant homozygotes appear normal. 34 
Essential roles in neuronal differentiation
Neurotrophins regulate expression of neurotransmitters, neuropeptides, cell adhesion molecules, transcription factors, and numerous other proteins in peripheral (e.g. ref 18 ) as well as CNS neurons (e.g. refs 19, 20) , but effects of neurotrophin deficiency on expression of these molecules have not been fully pursued using the mutant mice because of the difficulty of separating direct effects on differentiation from secondary responses in dying neurons. Since all major populations of neurons in the CNS examined appear to be present in these mutant animals, however, it has been possible to determine whether neurotrophins are essential for their normal differentiation. The vast majority of work to date has examined brains of early postnatal mice sacrificed before brain development is complete because, with the exception of NT-4/5 deficiency, absence of a neurotrophin strongly compromises postnatal animal survival. Thus some deficits may have been missed.
In the mutant animals, qualitative deficits in differentiation in the CNS appear rare or absent. For example, both NGF and BDNF promote differentiation of basal forebrain cholinergic neurons in vitro and in vivo (reviewed in ref 1), but NGF, trkA, or BDNF deficient mice appear to have normal complements of these cells expressing proteins necessary for cholinergic function. Similarly despite effects of BDNF on mesencephalic dopaminergic neurons and NT-3 on adrenergic neurons in the locus coeruleus, observed in vitro and in vivo, 29 absence of either neurotrophin does not prevent differentiation of neurons expressing tyrosine hydroxylase in either region (e.g. refs 32, 34).
Examination of BDNF-deficient animals, however, has provided clear evidence that this neurotrophin is required for normal differentiation of several populations of neurons in the CNS. In particular, reductions in neuropeptide Y and the calcium binding proteins, calbindin and parvalbumin, whose expression rises dramatically during postnatal brain development, are seen in several discrete neuronal populations. 32 Expression of neuropeptide Y appears normal in the striatum but significantly altered in the cerebral cortex and hippocampus. This reduced expression with respect to the wild-type does not change between postnatal days 15 to 21, indicating that maturation of neuropeptide expression is not simply delayed, but is permanently affected. Arguing further that the mutation specifically affects differentiation in the cerebral cortex, expression of neuropeptide Y in all layers and regions of the cerebral cortex appears to be reduced in the BDNF mutant, and layer VI is almost devoid of immunoreactive cells. Neuropeptide Y immunoreactivity first appears in layer VI of the cerebral cortex during normal development, and subsequently in the upper layers. 64 Thus, an indirect effect of the mutation, delaying brain maturation, would be expected to result in more pronounced deficits in upper layers, a result opposite to that observed. In most instances, it seems likely that the neurons are present, but fail to differentiate normally because other markers characteristic of these same cells, such as GABA, are expressed. While not all affected populations have been examined in vitro, where examined, the expression of these same differentiation markers has also proved to be enhanced in cultured neurons by BDNF (e.g. refs 20, 19 
Effects on axonogenesis and target innervation
Previous observations have implicated neurotrophins in the establishment of final innervation patterns by sympathetic and sensory neurons in vivo. As one example, using tissue-specific promoters in transgenic animals, increasing levels of NGF in a sympathetic target area has been shown to directly increase the local density of sympathetic innervation. 22 Moreover, in transgenic mice in which NGF expression is targeted to sympathetic neurons, creating a potential autocrine loop, these neurons project to their target areas but fail to innervate them. 23 The observations suggest that NGF is not required for sympathetic axons to reach the vicinity of their targets, but is important for invasion and development of the final innervation pattern. Target innervation by sympathetic neurons expressing NGF can be restored by overexpression of NGF within a target, suggesting that a gradient of NGF may be important for development of the final innervation pattern. 23 In trkA deficient mice, deficits in sympathetic innervation of distal target tissues are observed during embryogenesis (A. Fagan, H. Zhang, S. Landis, R.J. Smeyne, I. SilosSantiago and M. Barbacid, submitted), but it will be difficult to determine whether the deficit is direct or is instead a consequence of the initiation of a cell death cascade. Direct effects can be observed, however, in the development of innervation patterns by basal forebrain cholinergic neurons which remain viable in these mutants. 6, 30, 39 Cholinergic fibers reach the hippocampus in both animals, but there is a striking failure to establish normal innervation within it. Similarly, the cholinergic innervation of the cerebral cortex is also strongly reduced in these animals, indicating that NGF is essential for the establishment or maintenance of these projections. In more puzzling results, p75 NTR -deficiency does not appear to reduce survival of sympathetic neurons and innervation of most target tissues appears normal. 53 However, pineal glands lack sympathetic innervation and innervation of some, but not all foot pad sweat glands is reduced or absent, suggesting a function for this receptor in supporting axon growth. 66 In BDNF mutant mice, almost all vestibular neurons are lost, but a small number of NT-3-dependent neurons survive. 31, 51 These neurons, however, fail to innervate the epithelial hair cells and terminate instead in the connective tissue adjacent to the sensory epithelium. 31, 51 In mutant mice lacking functional trkB, primary sensory axons reach their targets 52, 67 but the final innervation of epithelial cells is defective. Thus, it seems that this signalling pathway is dispensable for the outgrowth of these fibers or the target organ encounter but it is necessary to maintain the terminal innervation pattern.
More complex aspects of the morphological differentiation of neurons, such as dendritic growth and differentiation, are also regulated by neurotrophins (e.g. ref 68) . No publications to date have analysed these parameters in mutant animals.
Effects on adult nervous system function
Continued expression of neurotrophins, particularly of BDNF, in adult brain has raised the possibility that neurotrophins modulate adult brain plasticity 69, 70 and function in addition to regulating neuronal survival and differentiation during brain development. The selective reduction of BDNF in several brain regions of Alzheimer's Disease victims has increased interest in this possibility. 71 Recent results indicating that neurotrophins can regulate the efficiency of exocytosis by motor and hippocampal neurons suggest one cellular role for neurotrophins in the adult CNS. 27, 28 Regulation of expression levels of neurotransmitters, calcium-binding proteins, and other proteins shown to be dependent on neurotrophins during development is another probable mechanism (e.g. ref 32) . While interpretation of studies using homozygous mutant animals is problematic because of the deleterious effects during development of a complete neurotrophin deficiency, all heterozygotes appear healthy, so studies on these animals are less subject to this criticism. A recent paper reports evidence that long-term potentiation is impaired in the CA1 region of the hippocampus of heterozygous BDNF mutant mice. 72 While the observations do not fit simply into current models of CA1 LTP (reviewed in ref 73) , the results suggest a developmental or functional role for BDNF in hippocampal long-term potentiation. While these observations are exciting and encouraging, use of genetics to reach definitive conclusions on roles of 
General conclusions
Ligand-receptor interactions
Since the important discovery that trkA is an NGF receptor, the receptor specificity of each neurotrophin has been thoroughly characterized (see ref 6) . Comparisons of the various neurotrophins and receptor mutant phenotypes are generally consistent with the in-vitro observations. For example, the NGF and trkA mutants appear to lack the same populations of neurons -including sympathetic and nociceptive sensory neurons, 30, 39 consistent with the specificity of NGF for trkA, but not other trk receptors. While sharing deficits, the phenotype of the trkB mutant is more severe than that of the BDNF or NT-4/5 mutant and is consistent with observed ligand redundancy. 31, 32, 37, 38, 40 This is clearly seen in the trigeminal and nodose-petrosal ganglia where larger deficits in neuron numbers are found in the receptor-deficient than in either of the neurotrophin-deficient mice ( Table 1) . As expected, the deficiency in the petrosalnodose ganglion in a BDNF/NT-4/5 double homozygous mouse appears similar or identical to that in trkB mutant animals. 37, 38 The in-vivo significance of
NT-3 interactions with trkB
has not yet been critically tested, but cannot be excluded in cases such as the trigeminal ganglion. Both NT-3 and trkC-deficient animals lack Ia afferent sensory neurons. [33] [34] [35] 41 The NT-3 mutants, however, lack a large additional population of spinal sensory neurons and approximately 50% of sympathetic neurons, deficits not seen in the trkC mutant. Since NT-3 is also able to activate trkA and trkB, it is perhaps not surprising that this is the one instance where ligand deficiency has more severe consequences than receptor loss. Recently, Davies et al. 55 have shown that nodose and trigeminal and sympathetic neurons isolated from mice deficient in the kinase domain of trkC can survive in the presence of NT-3 at developmental times when they are responsive to BDNF and NGF, respectively. The concentration of NT-3 needed to achieve these responses is much higher than that of the other ligands, but the experiments demonstrate that NT-3 can mediate survival responses through trkA and trkB, supporting the probable importance of these interactions in vivo. Alternatively, trkC isoforms expressed in normal mice include several that lack tyrosine kinase activity 74, 75 and these may continue to be expressed in the trkC mutant [which contains a deletion of the kinase exon, but not other exons in this gene]. Putative signaling activities of these remaining isoforms could also explain this paradox.
Comparison of the phenotype of the NT-3 mutant to 77, 78 The major phenotype of homozygotes is loss of NGF-dependent sensory neurons, which provides strong support for this function in vivo. Studies in cell culture also indicate that p75 NTR refines the specificity of neurotrophin action by reducing activation of trkA by the non-preferred ligand, NT-3. 9 Analysis of neuronal cultures from the p75 NTR -deficient mice indicates that sympathetic neurons are more responsive to NT-3 than similar neurons from control animals. 78 The importance of this function in vivo has not been critically analysed using the mutant animals. Finally, some studies have indicated that p75 NTR transmits signals to cells not mediated through trk receptors. In particular, NGF binding to p75 NTR appears able to promote migration by Schwann cells which do not express trkA and to activate the sphingomyelin cycle (see ref 7) . Analysis of the mutant mice has not revealed an obvious phenotype in cells that do not express trkA, but it should be possible to use these mice to test these models more critically.
Multiple neurotrophin dependency
One of the most intriguing observations to emerge from the comparisons of the various neurotrophin mutants is strong evidence that a large fraction of sympathetic and sensory neurons require more than one neurotrophin for survival during development ( Table 2) . As one example, essentially all sympathetic neurons require NGF and are absent in the NGF and trkA mutant homozygotes. Approximately half of these are also absent in the NT-3 mutant. Thus, a large fraction of these neurons require two neurotrophins. A large fraction of trigeminal sensory neurons also exhibit multiple dependencies: approximately 75% require the NGF signaling pathway, while around 30% and 60% are lost in the BDNF and NT-3 mutants, respectively. Similarly, lumbar sensory neurons also require more than one neurotrophin. Approximately 70%, 30% and 60% are lost in the NGF, BDNF and NT-3 mutants, respectively. A much larger number of sensory neurons are lost than are dependent on NT-3 at birth (e.g. ref 14) . This loss must include NGF and/ or BDNF-dependent neurons.
Either sequential dependence upon different neurotrophins or a simultaneous requirement for more than one neurotrophin could explain these observations. At present, analyses of neurotrophin mutants demonstrate that switches in neurotrophin dependence previously observed in vitro are also important in vivo (reviewed in ref 14) . Analyses have not yet critically addressed the possibility that there may also be neurons with a simultaneous dependence on more than one factor. The best documented example in vitro of sequential dependence is that of the sympathetic nervous system, as discussed earlier. In cultures of several different cranial sensory ganglia, a similar switch from NT-3 and/or BDNF to NGF dependence has been observed (see ref 14) , which almost certainly explains why a large number of embryonic trigeminal sensory neurons also require both NGF and NT-3. The concept that a single neuron may require more than one neurotrophin is conceptually appealing because it provides an attractive means of refining neuronal specificity. At present, though, analysis of the mutants has not provided evidence critically addressing this model.
While dual dependence may be observed, because each factor is present in limiting amounts or has a non-redundant signaling function, sequential expression of the two survival factors seems more likely to explain the results.
Autocrine/paracrine actions
BDNF and NT-3 expression has been detected within cells in DRGs, raising the possibility that these factors have autocrine and/or paracrine actions. 49, 79 Neurons may produce the factors to which they respond. Also, death of a neurotrophin-dependent population may cause loss of neighboring neurons dependent on a factor expressed by the dying cells, resulting in a larger than expected deficit. Our unpublished observations on lacZ expression in NT-3 IacZneo mice 34 indicate, however, that paracrine or autocrine actions of NT-3 are not important in regulating the major period of cell death in these ganglia (Fariñas & Reichardt, unpublished) . Confirming earlier in-situ hybridization analysis, NT-3 (as assessed by IacZ expression) is detected in a few DRG neurons at E15. However, sensory neuron loss in normal or mutant mice is complete before NT-3 expression is detectable in these neurons. Thus autocrine or paracrine actions of NT-3 can not be important in regulating neuronal survival during the major period of naturally occurring cell death. It remains possible that such mechanisms may be important, however, in other ganglia or for other neurotrophins. In summary, initial analysis of each of the neurotrophin and trk receptor mutants has revealed losses of specific classes of peripheral neurons, confirming and extending earlier studies analysing effects of neurotrophin or antibody injection in vivo and neurotrophin dependence in cell culture. In some, but not all cases, apoptosis of differentiated neurons has been shown to be responsible for these deficits. In other cases, deficits may reflect earlier abnormalities in precursor proliferation, commitment or differentiation. Specific examples of abnormal target innervation and neuronal differentiation have been observed. These mutant mice are only beginning to be used to address other postulated functions of neurotrophins, such as modulation of synaptic efficacy. To address critically the functions of these molecules in adult animals, it will be necessary to ensure that development occurs normally. For such studies, it appears increasingly possible to generate animals where gene loss can be regulated temporally or can be limited to subpopulations of neurons.
